Francisella tularensis causes severe pneumonia that can be fatal if it is left untreated. Due to its potential use as a biological weapon, research is being conducted to develop an effective vaccine and to select and study adjuvant molecules able to generate a better and long-lasting protective effect. PorB, a porin from Neisseria meningitidis, is a well-established Toll-like receptor 2 ligand and has been shown to be a promising vaccine adjuvant candidate due to its ability to enhance the T-cell costimulatory activity of antigen-presenting cells both in vitro and in vivo. BALB/c mice were immunized with lipopolysaccharide (LPS) isolated from the F. tularensis subsp. holarctica live vaccine strain (LVS), with or without PorB from N. meningitidis, and the antibody levels induced during the vaccination regimen and the level of protection against intranasal challenge with LVS were determined. Antigen administered alone induced a specific F. tularensis LPS immunoglobulin M (IgM) response that was not maintained over the weeks and that conferred protection to only 25% of the mice. In contrast, F. tularensis LPS given in combination with neisserial PorB induced consistent levels of specific IgM throughout the immunization and increased the proportion of surviving mice to 70%. Postchallenge cytokine analysis showed that interleukin-6 (IL-6), monocyte chemoattractant protein 1, and gamma interferon were markers of mortality and that IL-1␤ was a correlate of survival, independent of the presence of PorB as an adjuvant. These data indicate that neisserial PorB might be an optimal candidate adjuvant for improving the protective effect of F. tularensis LPS and other subunit vaccines against tularemia, but there is still a need to test its efficacy against virulent type A and type B F. tularensis strains.
Francisella tularensis is a gram-negative facultative intracellular bacterium and the cause of tularemia in humans and other animals (41) . The two subspecies of this pathogen, F. tularensis subsp. tularensis (type A) and F. tularensis subsp. holarctica (type B), are both very infectious when they are inhaled, although the former causes the most severe form of the disease. A live vaccine strain (LVS) derived from a virulent type B strain is available and has been shown to be relatively effective as a vaccine against severe human tularemia caused by type A strains; it also provides a good experimental model of tularemia due to its high level of virulence in mice (13, 23, 39) . Nonetheless, there are concerns with the use of F. tularensis LVS as a human vaccine because the basis for its attenuation remain unknown. Hence, there is the need to develop subunit vaccines to replace it.
The lipopolysaccharide (LPS) of F. tularensis is considered an atypical endotoxin because it does not induce classic cellular and cytokine responses like those induced by LPSs from other gram-negative bacteria (1, 38) . Mice immunized with purified F. tularensis LPS by the intradermal (i.d.), intraperitoneal (i.p.), or subcutaneous (s.c.) route were shown to be fully or partially protected against i.p. and i.d. challenge with LVS and other type B strains (9, 11, 17) . Following i.d. or s.c. immuni-zation with purified F. tularensis LPS or immunization with the F. tularensis O antigen conjugated to bovine serum albumin by the s.c. route, only partial protection against type B strains was observed, while no protection against type A strains was granted when the immunization was given by the i.d. or aerosol route (8, 9) . Efficacious adjuvants are an important requirement in these vaccines, as carbohydrate-or subunit-based vaccines like LPS or its components alone do not always induce adequate protective immunity against tularemia. Previous reports have shown how subcellular F. tularensis antigen preparations elicited only modest protective responses even when they were combined with potent adjuvants such as immunostimulating complexes (ISCOMs) (19, 42) . More recently, Eyles et al. (14) have reported how irradiated LVS combined with ISCOMs and CpG oligonucleotides confers full protection against challenge with a type B strain but not type A F. tularensis, while another study has demonstrated how interleukin-12 (IL-12) enhances the protective activity of inactivated LVS against respiratory challenge with LVS (2) . Other than those studies, little effort has been made to assess other effective adjuvants to be included in subcellular or inactivated vaccine preparations.
Toll-like receptors (TLRs) are essential components of innate immunity, and TLR2 is required for the inflammatory responses to F. tularensis both in vitro and in vivo (7, 24, 28) . TLR ligands are a group of molecules known to be potential vaccine adjuvants (21, 37) . Signaling through TLRs induces host cell proliferation and cytokine secretion, as well as the upregulation of T-cell costimulatory molecules on antigen-presenting cells, and their capacity to stimulate both the innate and the adaptive immune systems makes TLR ligands optimal adjuvant candidates (27, 37) . Examples of TLR ligands include monophosphoryl lipid A (TLR4) and CpG oligonucleotides (TLR9), and these molecules are currently being tested as adjuvants in human vaccine trials (29, 44) . PorB, one of the porins of the bacterium Neisseria meningitidis, is a potent immunostimulatory TLR2/TLR1 ligand (30, 32) and a component of the outer membrane protein (OMP) preparation originally used as a carrier protein for the Haemophilus influenzae type B vaccine. Upon further characterization, the OMP was shown to have adjuvant activity dependent on stimulation through TLR2 in vitro (25) . PorB has been shown to induce the T-cell costimulatory ability of murine B cells and dendritic cells, to stimulate B-cell proliferation in vitro, and to enhance the humoral response to the meningococcal capsule in vivo (26, 30, 40) . More recently, this protein was shown to produce an antigen-specific eosinophilic recall response similar to that observed in a secondary helminth infection, indicating further potential for its future use as an adjuvant (4) . The features of PorB described above indicated that this protein could successfully be used to enhance the protective capacity of F. tularensis LPS against tularemia.
In the present study, we show how the presence of N. meningitidis PorB is necessary to induce a high percentage of survival in mice vaccinated with F. tularensis LPS by the s.c. route and subsequently challenged with F. tularensis LVS by the respiratory route. Our results suggest an important role for PorB as an adjuvant and how it could potentially be used, when it is conjugated to F. tularensis LPS or other safe subunit vaccine candidates, in a vaccine against tularemia caused by both type A and type B strains of Francisella tularensis.
MATERIALS AND METHODS
Bacteria and growth conditions. F. tularensis subsp. holarctica LVS (ATCC 29684) was obtained from the CDC, Fort Collins, CO. For LPS extraction, broth cultures of LVS were grown for 3 days in T-soy broth supplemented with 0.1% L-cysteine. For the challenge experiments, LVS was grown as described previously (5) . Briefly, after culture on chocolate agar, colonies were scraped off and suspended in sterile phosphate-buffered saline (PBS) to an optical density at 600 nm of 0.3. The numbers of CFU were determined by plating out serial dilutions on chocolate agar. Bacterial suspensions were prepared, and the CFU counts were confirmed for each infection experiment.
Isolation and analysis of LPS from F. tularensis LVS. A method previously described for Bacteroides fragilis was used as a reference for the extraction of LPS (36) . F. tularensis LVS cells grown in T-soy broth with 1% L-cysteine were pelleted by centrifugation, washed once with 0.15 M NaCl, and finally, suspended in a small volume of water. This suspension was extracted with an equal volume of hot phenol at 68°C for 30 min, followed by stirring at 4°C overnight. The aqueous layer was collected after centrifugation and was extracted twice with ethyl ether to remove the residual phenol. The sample was dialyzed extensively with water for 4 days in dialysis tubing with a molecular weight cutoff of 3,500. Contaminating macromolecules were removed by digestion with DNase, RNase, and pronase. The samples were concentrated with an Amicon 8400 stirred cell (Millipore, Billerica, MA). The LPS was precipitated from this suspension by adding ethanol to 80% and was held at Ϫ20°C overnight. The precipitate was collected by centrifugation and was allowed to air dry. It was then resuspended in a minimal volume of 50 mM EDTA, 95% ethanol was added to 80%, and the mixture was held at Ϫ20°C overnight. The material was pelleted by centrifugation, allowed to air dry after the ethanol was poured off, and resuspended in deoxycholate buffer (0.5 sodium deoxycholic acid, 50 mM glycine, 10 mM EDTA, pH 9.8). A Sephacryl S-300 high-resolution column (GE Healthcare Bio-Sciences, Piscataway, NJ) was equilibrated with the deoxycholate buffer, and 5-ml fractions were collected. These were tested for reactivity with an anti-Francisella tularensis LPS monoclonal antibody specific for the O antigen, ab2033 (Abcam, Inc., Cambridge, MA). The antibody-reactive fractions were combined (molec-ular weight, ϳ30,000 to 100,000), precipitated in 95% ethanol, resuspended in water, and lyophilized. The sample was analyzed for its endotoxin level by a chromogenic Limulus amebocyte lysate assay (Cape Cod Associates, East Falmouth, MA), for its nucleic acid level by 260-nm UV spectrophotometric readings, and for its protein level by a colloidal gold assay (Bio-Rad, Inc., Hercules, CA).
SDS-PAGE and immunoblotting. Ready Gels (4 to 20%) and a Protean minigel apparatus were used for sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) in Tris-glycine buffer (Bio-Rad, Inc.). The LPS sample was electrophoretically transferred from the Ready Gel to a polyvinylidene difluoride membrane. Western blotting was performed with a goat antimouse immunoglobulin G (IgG) immunoblot assay kit (Bio-Rad, Inc.). The primary antibody was a mouse monoclonal antibody (monoclonal antibody FB11) specific for Francisella tularensis LPS diluted 1:2,000.
Isolation of N. meningitidis PorB. Native PorB was isolated from N. meningitidis strain H44/76, which lacks both PorA and RmpM, as described previously (31) . The use of PorB from this mutant strain allowed the purification of PorB without contamination from other OMPs. Briefly, the porin was purified by detergent extraction and column chromatography, and negligible contamination by proteins and lipooligosaccharides was shown by PAGE and silver staining (31) .
Mice, s.c. immunization, and intranasal challenge. Seven-week-old female BALB/c mice were obtained from Jackson Laboratories (Bar Harbor, ME) and were given pelleted food and water ad libitum. All experimental procedures were in compliance with the Institutional Animal Care and Use Committee of the Boston University School of Medicine.
Antigens were administered and serum samples were collected as described in the schematic representation (see Fig. 2 ). Four groups of 6 to 10 mice each were immunized by the s.c. route with either F. tularensis LPS alone, F. tularensis LPS in combination with neisserial PorB (1:1 ratio), PorB alone, or PBS. The mice were inoculated three times, at 2-week intervals, with 10 g of each antigen in a total volume of 100 l/animal. Four weeks after the last immunization, all vaccinated and unvaccinated control mice were anesthetized with ketamine HCl (Fort Dodge Animal Health, Fort Dodge, IA) and xylazine (Lloyd Laboratories, Shenandoah, IA) and infected intranasally with 10 6 CFU of live LVS in 20 l of PBS, as described previously (5) . All animals were closely observed until they were completely awake from the anesthesia, and survival was recorded for up to 50 days after infection. Changes in body weight were also determined over a time period of 18 days. The data reported in this study are representative of those from two independent experiments.
ELISA and Luminex assays with mouse serum. Blood was taken from the submandibular vein of mice, stored at room temperature for 10 min, and centrifuged at 1,500 ϫ g for 20 min. The serum phase was collected and stored at Ϫ80°C.
To analyze the LPS-specific IgG and IgM antibody levels in mouse sera during the course of vaccination, Immulon IV microtiter plate wells were coated with 100 l of 0.25 g/ml F. tularensis LVS LPS in PBS and the plates were incubated at 37°C for 3 h and stored overnight at 4°C. Sera were diluted in 0.05% PBS-Tween 20, added to the previously coated wells, and incubated for 1 h at 37°C. After the plates were washed and dried, alkaline phosphatase-conjugated antimouse IgG or IgM (100 l; Sigma, St. Louis, MO) diluted in PBS-Tween 20 was added, and the plates were incubated for 1 h at 37°C. After the plates were washed and dried once more, the color was developed with 100 l one-step p-nitrophenyl phosphate (Pierce, Rockford, IL) and the optical density at 405 nm was measured on an ELx800 enzyme-linked immunosorbent assay (ELISA) reader (Bio-Tek Instruments, Inc., Winooski, VT). Colorimetric values were converted to nanograms/milliliter, on the basis of the standard curves for IgG or IgM generated by using known concentrations of IgG and IgM on plates coated with goat anti-mouse IgG and IgM F(abЈ) 2 -specific antibodies (Jackson Immuno-Research Laboratories Inc., West Grove, PA), as described previously (5, 26) . To determine the levels of the cytokines IL-6, IL-1␤, gamma interferon (IFN-␥), and monocyte chemoattractant protein 1 (MCP-1) in the sera of vaccinated and challenged mice, a mouse custom multiplex antibody bead kit (BioSource International, Inc., Camarillo, CA) was used and the plates were read by use of a Luminex X-Map 100 platform. The bioassay was performed as indicated by the manufacturer's instructions, and the results were analyzed with SoftMax Pro software (Molecular Devices, Sunnyvale, CA).
Statistical analysis. Differences between groups were determined by the Mann-Whitney U nonparametric test by using GraphPad Prism (version 4.02) software (San Diego, CA). P values of Յ0.05 were considered significant, and P values of Յ0.01 were considered highly significant. VOL. 15, 2008 PorB AS VACCINE ADJUVANT AGAINST RESPIRATORY TULAREMIA 1323 on August 27, 2017 by guest http://cvi.asm.org/
RESULTS
Characterization of F. tularensis LPS. The F. tularensis LPS ladder at 1 mg/ml was fractioned by PAGE with a 4 to 20% gradient (Pierce Scientific, Rockford, IL), and the Western blot was probed with monoclonal antibody ab2033 (Abcam, Inc.) specific for the F. tularensis O antigen ( Fig. 1 ). At 20 mg per ml, the F. tularensis LPS was shown to have minimal endotoxin activity (Ͻ0.25 endotoxin units/ml), a protein concentration of less than 4 ng per ml, and less than Ͻ1 g/ml of nucleic acids. The mice tolerated the immunizations with this material well.
Antibody response after vaccination. To test if the antibody activity induced by F. tularensis LPS alone or in combination with neisserial PorB would augment protection against intranasal challenge, we designed a mouse vaccination study, as illustrated in Fig. 2A .
Preimmune sera were collected from mice before administration of the first inoculum, and immune sera were taken before administration of the two booster doses at weeks 2 and 4 and before challenge at week 8 ( Fig. 2A) . ELISAs for F. tularensis LPS-specific IgG and IgM were then performed. Vaccination of the mice did not induce anti-F. tularensis LPS IgG, but the animals were found to produce F. tularensis LPSspecific IgM. After the first vaccination dose at week 2, mice inoculated with F. tularensis LPS and F. tularensis LPS plus PorB developed levels of anti-F. tularensis LPS IgM slightly greater that those at the baseline, with a significant difference for both groups (P Ͻ 0.05) compared to the levels in their preimmune sera (Fig. 2B) . After the first booster dose at week 4, both groups of mice immunized with either LPS or LPS plus PorB showed increased levels of anti-F. tularensis LPS IgM in their sera compared to the levels in their preimmune sera, and the differences were shown to be highly significant (P Ͻ 0.01) ( Fig. 2B ). Four weeks after administration of the second booster and right before the intranasal challenge, the levels of IgM in the sera of mice vaccinated with LPS returned to levels Four groups of mice were immunized s.c. three times at 2-week intervals with 10 g F. tularensis LPS (n ϭ 8), 10 g F. tularensis LPS plus 10 g PorB (n ϭ 10), 10 g PorB (n ϭ 6), or PBS (n ϭ 10). Blood was drawn at 2-week intervals before each inoculation and before challenge, and serum was collected. The mice were challenged 4 weeks after the third vaccination dose with 10 6 CFU of LVS by the intranasal (i.n.) route. Blood was drawn from the submandibular veins of the mice at different time intervals, and serum was taken and tested for IgM by ELISA. (B) Antibody levels detected at 2-week intervals during the course of vaccination. Data are reported as the amount (ng/ml) of anti-F. tularensis LPS IgM detected in serum.
Statistical significance was calculated by the Mann-Whitney test, and the values were found to be either significant ( * , P Ͻ 0.05) or highly significant ( ** , P Ͻ 0.01). similar to those at the baseline, while in the sera of animals immunized with LPS plus PorB, the levels remained significantly higher than those detected in preimmune sera (P Ͻ 0.01) (Fig. 2B) . The serum anti-F. tularensis LPS IgM levels induced by PBS and PorB were comparable to those observed in the preimmune sera (Fig. 2B) .
Purified F. tularensis LPS given s.c. in combination with neisserial PorB induces a high level of protection against respiratory tularemia. Some groups have reported that LPS, its components, or other subunit vaccines are not particularly successful at protecting against respiratory tularemia caused by type A or B strains of F. tularensis (8, 9) . Another group used IL-12 in combination with inactivated LVS as a mucosal vaccine in order to achieve successful protection from respiratory challenge with LVS (2) . We sought to determine if the addition of neisserial PorB to F. tularensis LPS would improve protection against 10 6 CFU of LVS given by the intranasal route. All vaccinated animals received the infection dose 4 weeks after the second booster dose, and survival was recorded for 18 days.
All animals injected with PBS succumbed to infection with LVS, and the median time to death was 6.5 days (Fig. 3A) . Clinical signs (hunched back, rough fur, decreased response to external stimuli) began as early as day 3 or 4 after infection. To examine if the adjuvant alone would grant a protective effect, mice were also immunized with 10 g of PorB, and we observed that the disease sign and mortality trends were extremely similar to those seen by the use of PBS as a negative control; the median time to death was 7 days (Fig. 3A) . Concomitant with the development of disease signs, mice also showed a progressive loss of body weight of up to 30% or more when they reached the moribund stage ( Fig. 3B ). Two of eight mice immunized with F. tularensis LPS alone survived intranasal infection with 10 6 CFU of LVS, and despite the low percentage (25%), the statistical difference in the rate of survival compared to that for the unvaccinated control mice was found to be significant (P Ͻ 0.05) (Fig. 3A) . Only 3 of 10 mice vaccinated with F. tularensis LPS plus PorB died following challenge, and compared to the rate of survival of the mock- The differences in survival were analyzed by the Mann-Whitney test, and values were found to be either significant ( * , P Ͻ 0.05) or highly significant ( ** , P Ͻ 0.01).
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PorB AS VACCINE ADJUVANT AGAINST RESPIRATORY TULAREMIA 1325 on August 27, 2017 by guest http://cvi.asm.org/ vaccinated mice, the 70% survival rate was found to be highly significant (P Ͻ 0.01) (Fig. 3A) . All vaccinated mice surviving respiratory challenge developed moderate clinical signs and dramatic body weight loss, which were overcome upon recovery (Fig. 3B) . In a preliminary experiment, emulsification with incomplete Freund's adjuvant did not enhance the protective efficacy of F. tularensis LPS, and only 20% of the animals survived the intranasal challenge, similar to the results for mice that received F. tularensis LPS alone (data not shown). No viable organisms were found in the blood of the survivors at 10 and 50 days postinfection, and the histopathology of the lungs of mice killed at day 50 revealed no sign of pneumonic disease, but peribronchial lymphoid areas were detected (data not shown). Figure 4 shows the levels of cytokines detected in the sera of mice vaccinated with either LPS or F. tularensis LPS plus PorB and challenged four weeks later with LVS by the intranasal route. We analyzed sera from vaccinated and challenged mice that fully recovered from disease and that were killed at 10, 30, and 50 days postchallenge. We compared their cytokine levels to those of terminally ill (moribund) mice and uninfected controls. Blood and sera were obtained from moribund mice between days 7 and 10 postchallenge. The cytokine levels did not vary between these time periods, and therefore, for simplicity, the values were pooled. The cytokine levels detected in mice immunized with the two vaccine formulations were also grouped together, as no differences were observed. The levels of IL-6 were found to be raised above the baseline levels in vaccinated mice that succumbed to tularemia (moribund), while the survivors had values similar to those observed in the uninfected controls. The differences in IL-6 levels between recovered mice bled at days 10, 30, and 50 days postchallenge and moribund animals bled between days 7 and 10 postchallenge were found to be significant (P Ͻ 0.01) (Fig. 4A ). A significant difference (P Ͻ 0.01) between moribund mice and the uninfected control group was also calculated (Fig. 4A) . A similar trend was observed for MCP-1 and IFN-␥ levels, which were elevated above the baseline levels in the moribund mice but not in the survivors (Fig.  4B and C) . The levels of IFN-␥ detected in moribund mice were significantly different from those found in the control group (P Ͻ 0.01) (Fig. 4B ). The differences in MCP-1 levels between vaccinated mice that became moribund and those that survived challenge were found to be highly significant at day 10 (P Ͻ 0.01) and significant at days 30 and 50 (P Ͻ 0.05) (Fig.  4C) . The levels of MCP-1 were also significantly higher in moribund mice than in the controls (P Ͻ 0.01) (Fig. 4C) . In contrast, the levels of IL-1␤ detected in the sera of moribund mice were similar to those found in the sera of the uninfected controls, were increased in the vaccinated survivors at day 10 (P Ͻ 0.05), and were undetectable at days 30 and 50 postchallenge (Fig. 4D) . A significant difference in the levels of this serum cytokine was also observed between vaccinated survivors at day 10 and the uninfected control group (P Ͻ 0.05) (Fig. 4D) .
Levels of proinflammatory cytokines following vaccination and intranasal challenge.

DISCUSSION
Tularemia is a severe debilitating disease that occurs naturally in some countries of the Northern Hemisphere. In recent years, there has been an interest in developing vaccines against this bacterial agent due to its potential use as a biological weapon (20) . Both live attenuated (33) and killed whole-cell (16) F. tularensis vaccines have been developed and evaluated in studies with human subjects, but there are concerns about their safety and efficacy. The detection of subunit vaccine candidates able to induce an effective and long-lasting protective response has been an important aim in the Francisella research field; however, LPS appears to be the only one able to generate some degree of protection, as reported in studies conducted with mouse models (9, 11, 17) . Other proteins, including a 43-kDa OMP and heat shock protein 60, were tested in studies with mice, but the immunity induced by these vaccine candidates did not provide any protection against experimental tularemia (17, 22) .
The use of adjuvants to enhance the immunity provided by a subunit vaccine against tularemia, particularly the pneumonic form, is crucial. An adjuvant is a substance that augments the immunogenic activity of an antigen by promoting immunomodulation, stimulating lymphocyte proliferation, generating a depot, and enhancing costimulatory signals (10) . Alum is the only FDA-approved adjuvant for human use; thus, there is a need for innovative molecules able to efficaciously stimulate both the innate and the adaptive immune systems (35) . TLR ligands have recently become important targets in vaccine adjuvant research due to their ability to successfully combine all the outcomes described above (37) . The variety of TLR2 ligands is likely the greatest among TLRs due to the heterodimerization needed for the responses mediated by them (45) . The host responses induced by these ligands include IL-10 secretion from dendritic cells (phosphotidylserine from Schistosoma mansoni) (43); dendritic cell maturation; and the production of the proinflammatory cytokines and chemokines tumor necrosis factor alpha, IL-2, IL-6, and macrophage inflammatory protein 2 (peptidoglycan or lipoteichoid acid) (34) . More recently, PorB, an OMP of the bacterium N. meningitidis, has been characterized as a potent immunostimulant and a TLR2 ligand. Our laboratory has shown that PorB induces dendritic cell activation and B-cell proliferation, dependent on TLR2 and MyD88 (30, 40) , and therefore increases the ability to present antigen and activate specific T cells. It was also reported that PorB augments the humoral response to the meningococcal capsule in the mouse (26) . Our previous study, however, did not investigate whether the capsule-PorB conjugate improved survival following in vivo challenge with live meningococci due to the lack of a suitable animal model mimicking N. meningitidis disease. These promising data obtained by the use of neisserial PorB have encouraged us to design experiments to test its adjuvanticity potential in the mouse model and to evaluate if its coadministration with LPS isolated from F. tularensis LVS would enhance the protective ability of this poorly immunogenic antigen.
In this study, groups of mice were vaccinated by the s.c. route with purified F. tularensis LPS alone or combined with neisserial PorB. We also included two control groups, one that received three doses of PBS and one that was given PorB alone, to confirm that this adjuvant would not grant a protective effect on its own. Upon analysis of the anti-LPS antibody response, specific IgM was detected in the sera of mice immunized with PorB as an adjuvant after every immunization dose. The IgM levels detected in this group of animals remained elevated above the baseline levels at week 8 just before intranasal challenge, while mice immunized with F. tularensis LPS alone showed increased levels of this immunoglobulin at week 4, but these levels returned to the baseline levels at week 8. F. tularensis LPS-specific IgG was not detected at any time after vaccination. A similar trend was reported in the work of Dreisbach et al., who described that following the i.p. immunization of mice, LVS LPS primarily induces an IgM response but minimal specific IgG (11) . Similarly, Cole et al. showed that only anti-LPS IgM and not IgG was detected in the sera of mice treated with LVS LPS by the i.p. route and how subsequent challenge of the mice with live organisms boosted the anti-LPS IgM response (6) .
Despite its low endotoxic activity (1, 38) , it has been shown that F. tularensis LPS is able to confer some protection from i.p. challenge with LVS (11, 17) . Unfortunately, the i.p. route is an artificial technique for inducing experimental tularemia in animals, so more efforts are needed to develop a vaccine that will be highly efficacious against the more severe pneumonic form of the disease. Mice treated once i.d. with whole LVS LPS did not develop any clinical signs following aerosol challenge with LVS, but they succumbed to infection with virulent type A or B F. tularensis strains (9) . It should be noted that the work cited above is based on the administration of a single dose of F. tularensis LPS followed by challenge days later, while our experimental design focused on a more classic immunization regimen, in which three doses of whole purified F. tularensis LPS with or without neisserial PorB were inoculated 2 weeks apart. We observed that s.c. vaccination with F. tularensis LPS alone induced 25% survival from intranasal infection with a high dose of LVS (10 6 CFU, or 1,000 times the 50% lethal dose). This lack of protection is concomitant with the decreased levels of LPS-specific IgM before challenge (week 8).
Addition of neisserial PorB to the vaccine preparation increased the rate of survival to 70%, potentially correlating with the significantly raised anti-LPS IgM levels compared to those in the preimmune serum controls. Previous studies have shown how B and T lymphocytes are also very important for prolonged survival (11) , so both humoral (specific IgM) and cellmediated immunity might indeed be stimulated by the vaccine preparation comprising F. tularensis LPS plus PorB, and this antigen-adjuvant combination might be crucial for conferring protection. The cellular features of this type of protection are under investigation, and at this stage the key mediators of protection are unknown. Following intranasal challenge, all mice developed moderate disease signs and weight loss by day 4 postchallenge. The animals that eventually succumbed to tularemia all died within 8 days, while survivors overcame the clinical signs and regained body weight gradually and appeared healthy by day 18 postinfection. Ideally, mice immunized with a promising vaccine candidate should not present any indication of illness, but we speculate that future conjugation of F. tularensis LPS to PorB could greatly improve the protective efficacy and, ultimately, raise the rate of survival to 100%. It is known that the covalent conjugation of polysaccharides to proteins induces humoral immune responses with features of Tcell-dependent antigens (15) , and this could also be the case for the vaccine candidate that we propose. As mentioned above, PorB has previously been conjugated to the meningococcal capsule and improved the capacity of this antigen to induce a humoral response (26) , suggesting that a vaccine prepared by use of this approach might be promising for future testing in mouse models of disease caused by F. tularensis LVS and, most importantly, type A and B strains.
In a recent report, we described how the production of the cytokines IL-6, macrophage inflammatory protein 2, and MCP-1 in lung and spleen tissues was associated with a terminal stage of tularemia, while IL-1␤ was induced in the tissues of mice that had overcome symptoms and survived the disease when the mouse model of intranasal challenge was used (5) . In this study, we analyzed the sera of mice that were vaccinated with either F. tularensis LPS or F. tularensis LPS plus PorB and challenged 4 weeks later with a high dose of F. tularensis LVS for the presence of some of the proinflammatory cytokines mentioned above. Overall, we found trends similar to those observed in the infection model (5) , indicating that IL-6, MCP-1, and IFN-␥ are markers of mortality and that IL-1␤ is a correlate of survival. IL-6 is an important marker of sepsis, and our group has previously shown a correlation of IL-6 with mortality following intranasal infection with LVS (5). Similarly, the levels of MCP-1, a chemokine involved in macrophage recruitment, were also increased above those at the baseline. IFN-␥ is known to play a pivotal role in protective host responses to F. tularensis in vivo (12, 28) , although in the present study, we observed a clear association with mortality. Similar to the findings obtained with our intranasal infection model (5) , the IL-1␤ level was found to be elevated above the baseline level in survivors killed at early but not late time points, suggesting that this cytokine might play a role in clearing infection with or without vaccination. Other groups have reported the production of this cytokine following stimulation of human and murine cells with LVS (3, 18) , but our studies reveal the potential involvement of IL-1␤ in survival. Overall, the serum cytokine pattern observed did not vary between mice vaccinated with F. tularensis LPS plus PorB and those immunized with LPS alone, suggesting that the production of these proinflammatory molecules is independent of the presence of neisserial PorB. More research will be conducted to clarify the mechanisms underlying the production of these cytokines.
In summary, we demonstrate that PorB isolated from Neisseria meningitidis improves the immunogenic and protective capacity of LPS purified from the F. tularensis LVS in a murine model of intranasal challenge and represents a good candidate adjuvant for use in the future development of a subunit vaccine against the pneumonic form of tularemia.
